Absorption spectroscopy is known to be a powerful tool to gain spatially and temporally resolved information on excited and reactive species in a plasma discharge. Furthermore, the interaction of the discharge with short intense laser pulses can trigger the ignition and the transition into other transient states of the plasma. In this context laser-assisted 'pump-probe' experiments involving simultaneously generated supercontinuum radiation yield highly temporally resolved and spatially well-defined information on the transient phenomena. In this paper we demonstrate the possibility for 'pump-probe' experiments by initiating breakdown on a picosecond time scale ('pump') with a high-power beam and measuring the broadband absorption with the simultaneously provided supercontinuum ('probe'). Since both pulses are generated from the same mode-locked master oscillator, they have a strong level of synchronization.
Introduction
In recent years, research on micro-plasmas has become a strong focus in plasma science [3] .
However, due to their operation at atmospheric pressure and transient phenomena occurring at fast time scales, new methods are needed for quantitative and reliable analysis of their various discharge modes. In this paper we discuss and demonstrate the possibility of investigating these transient phenomena by absorption spectroscopy and laser-assisted 'pump-probe' experiments. Key elements in this context are the generation of a broad supercontinuum spectrum, the application of broadband absorption spectroscopy (BBAS) on micro-plasmas, the ignition of the discharge as well as the transfer of it to different modes by strong laser fields, and finally the triggering and synchronization of aforementioned points for highly temporally resolved analysis of transient phenomena.
Absorption spectroscopy
Measuring the optical absorption of plasma species is a powerful method to deduce quantitative information of the (line-integrated) species density using the Lambert-Beer law. Among the most frequently used techniques are BBAS [1] , tunable diode laser absorption spectroscopy (TDLAS) [2, 7, 8] and cavity ring-down spectroscopy (CRDS) [1, 23, 24] . The advantage of BBAS over TDLAS is the coverage of a large spectral range facilitating the simultaneous measurement of several species in a plasma absorbing at different wavelengths. Its disadvantage compared with TDLAS is its lower spectral resolution. On the other hand, essentially for each optical transition a separate diode laser has to be employed for TDLAS. The advantage of CRDS is its very high sensitivity, provided that a long absorption length between two mirrors of very high reflectivity can be realized. In this technique, the characteristic decay time of the intensity of a light pulse is measured, which is coupled into the cavity with the species of interest. Due to the very small plasma volume, CRDS is difficult to realize if spatial resolution is required [11, 24] . Both TDLAS and BBAS have been successfully applied to microplasmas [4] [5] [6] [8] [9] [10] . Absorbances are usually small, rarely exceeding 10 −3 , requiring in both cases a very stable setup. Often lock-in techniques or other refined optical techniques are used to increase sensitivity. Since in low-pressure plasmas the width of the absorption lines is of the order of a few GHz, a very high resolution spectrometer is required for BBAS, whereas the line width of diode lasers in TDLAS is of the order of MHz and small compared with the absorption lines. This allows a precise measurement of the line profiles and may allow one to deduce, e.g., the gas temperature or the electron density. In atmospheric pressure plasmas, the absorption lines are significantly broadened [8] . On the one hand, this reduces the signal-to-noise ratio further, but it alleviates, however, the line detection in BBAS. The highest signal-to-noise ratio is obtained when the spectral resolution of the spectrograph is identical to the line width [13] .
For BBAS, several different light sources may be used such as, incandescent filaments, high-pressure Xe lamps or light-emitting diodes [10, 12, 13] . These light sources have to be well stabilized using precision power supplies and temperature control. They are normally not pulsed and spatially incoherent or at least highly multi-mode. Using a fast external chopper for lock-in techniques is important. Particularly interesting for the investigation of micro-plasmas is the use of supercontinuum radiation [14] generated from coupling very short pulse lasers into a photonic crystal fibre (PCF) [15] . Since this process produces pulses which are still in the picosecond range, typically with sub-picosecond timing jitter values, the use of the supercontinuum pulses allows superb time resolution of the measurement.
Laser-assisted plasma breakdown
It is well-known that high intensities of laser radiation may induce a breakdown in gases and at surfaces together with the formation of a plasma [16] [17] [18] [19] [20] [21] . Several studies on gas breakdown and surface-assisted breakdown have been published and threshold values for breakdown have been communicated [18] . However, the data show a large scatter. It appears that several mechanisms may be invoked: very large electric field strength at high local laser powers, secondary electron emission from the surfaces at low enough wavelength and/or materials ablation/heating with subsequent charge carrier emission. These mechanisms may act simultaneously. It is usually observed that threshold values for gas breakdown increase for a given system with the wavelength of the laser light [18] . Laser irradiation of surfaces has been employed successfully to localize and clock the formation of short-pulse plasmas in corona-streamer discharges [22] . It is not obvious a priori which of the possibly relevant quantities, namely, instantaneous intensity, power, pulse energy and fluence play a dominant role in setting the threshold level and thereby, the optimum experimental conditions. It is likely that several of these factors play a role, thus leading to two separate thresholds, one for peak intensity and one for total energy. It is interesting to note that mechanisms similar to those of laser-surface interaction probably play a role in the glow-toarc-transition as well.
To the best of our knowledge, there are no reports on 'pump-probe' experiments using a single laser, nor two tightly synchronized lasers, generating a pump and a probe pulse for the establishment of a special state and its subsequent diagnostics, respectively, in the field of microplasmas. The evolution of an event can be monitored over several pulses using a variable delay between excitation and read-out pulse. This approach is an adaptation of the wellknown ultrafast spectroscopy, notably in the laser-surface interaction at extreme laser powers [19] . It has yielded a wealth of most interesting physics information for transient phenomena. In our case, a custom designed fiber laser system is a unique and new approach to realize laser-assisted pumpprobe experiments in micro-plasmas.
The atmospheric pressure micro-plasma jet
In this work the techniques of broadband absorption spectroscopy and laser-assisted plasma breakdown are applied to a typical α-mode micro-plasma discharge that is already well characterized concerning its operational range as well as its relevant plasma parameters [25, 26] .
The atmospheric pressure micro-plasma jet is a capacitively coupled, non-thermal glow-discharge at high pressures. The design concept of this discharge is based on the plasma jet introduced by Selwyn co-workers in 1998 [27] and advanced by Schulz-von der Gathen et al [28] . Feed gas flows between two closely spaced stainless steel electrodes driven at 13.56 MHz radio-frequency in a parallel plate configuration (figure 1). Electrodes and plasma volume are enclosed by quartz windows, giving direct optical access to the discharge. The jet is operated in helium at various flow rates from 200 sccm to 5 slm. The electric field between the electrodes causes a breakdown in the gas and produces a plasma with electron temperatures and densities of about 1 to 2 eV and 10 10 cm −3 , respectively [31, 32] . Atoms and molecules in the feed gas become excited, dissociated or ionized by electron impacts. Since the electrons are not in thermal equilibrium with the ions and neutrals, the gas temperature remains a few tens of K above room temperature [33] . The distance between the two windows is fixed to 1 mm while the electrode gap size is variable between 0.2 and 3 mm. In all here presented configurations the discharge operates as a typical α-mode rf glow discharge.
Fiber laser setup
The fiber laser setup that was custom developed for this application is illustrated in figure 3 . The laser system comprises of a mode-locked fiber oscillator, operating in the all-normal dispersion mode, and seeding a multi-stage fiber amplifier. A fiber stretcher is used to implement chirped-pulse amplification. The system is all-fiber, with an architecture based that of [29] .
Prior to the final stage, the fiber path bifurcates into two, one seeding the power amplifier, which is described in detail in [30] , and another seeding a highly nonlinear PCF for supercontinuum generation.
Supercontinuum generation without pulse compression requires high pulse energies, so the repetition rate of the pulses is reduced to 50 kHz in two steps to further increase the pulse energies during amplification while maintaining reasonably low average power levels.
The oscillator comprises about 6 m of standard singlemode fiber for 1 µm wavelength (core diameter of 6.2 µm, NA of 0.14) and Yb-doped gain fiber (core diameter of 6.2 µm, NA of 0.14, ∼500 dB m −1 absorption at 976 nm). The length of the oscillator cavity defines the output pulse frequency of the laser in the mode-lock operation. The gain fiber is pumped in-core by a telecom-style 976 nm fiber-coupled laser diode with a maximum output power of 600 mW. Fast saturable absorption required for mode-locking is implemented via nonlinear polarization evolution. An output power of 14 mW at 27.12 MHz repetition frequency (set to exactly the second harmonic of 13.56 MHz) is obtained directly through a 10% output coupler after the gain fiber. The power from the seed laser is sufficient to suppress amplified spontaneous emission (ASE) generation in the subsequent amplifying stages.
Following another fiber coupler, around 90% of the output power from the oscillator traverses 500 m of single-mode fiber to stretch the pulses. The stretching is necessary to reduce the peak power of the pulses and thus to minimize the nonlinear effects imposed on the pulses in the following stages. The remaining 10% of the beam is used for diagnostics.
The stretched pulses are amplified and then reduced in repetition rate through acousto-optic modulators (AOMs) to achieve the desired pulse energy in two steps. Amplifier stages consist of 1 m long Yb-doped fiber (of the same type as in the oscillator). 5% of the second AOM output is split off for diagnostics and the rest seeds the third amplifier with 35 cm of Yb-doped fiber. The beam is split where 20% is used to seed the power amplifier and 80% is coupled into the 2 m of PCF for supercontinuum generation. We used a 976 nm diode with 8 W of maximum power for the power amplifier. The average output power of the power amplifier is around 1.1 W obtained at pump power of 6 W, limited by the onset of nonlinear effects. At a final repetition frequency of 50 kHz, this corresponds to 22 µJ, which is among the highest obtained from a picosecond fiber amplifier. The pulse length of the supercontinuum pulses is about 300 ps with about 166 nJ pulse energy and an average beam power of 8.3 mW.
Absorption spectroscopy with supercontinuum radiation
This section provides an overview of the results obtained from broadband absorption spectroscopy on helium and argon metastable transitions using the supercontinuum laser source. The aim is the qualification of this system as a reliable light source for absorption spectroscopic measurements. The metastable transitions have been chosen due to their high oscillator strength, their high density in the discharge, and because these species have turned out to be important for the understanding of energy transport in micro-plasmas as they constitute an important reservoir of potential energy. They seem to influence strongly the dynamics and the stability of the discharges, i.e. they play an important role in transient phenomena. These are in particular the evolution of the discharge in the ignition phase, the γ -transition and the transition into the arc regime.
Spectroscopic setup
The experimental setup for BBAS measurements is shown in figure 2 . The supercontinuum beam from the fiber laser is focused into the discharge where part of the beam is absorbed by diverse plasma species that offer transitions in the range of the supercontinuum spectrum. The transmitted beam is guided on the entrance slit of a spectrometer with 75 cm focal length, which is equipped with a 1200 lines mm −1 grating and images the signal to an InGaAs photo diode array. The effective resolution of the system is less than 50 pm. Due to the high spectral intensity of the supercontinuum, the slit opening can be as small as a few µm.
Spectroscopic results
The emission spectrum of the laser is presented in figure 4 . It ranges from roughly 700 to 1700 nm with an intensity profile ranging over about three orders of magnitude. Compared with other light sources, such as incandescent lamps or LEDs, the spectral intensity in the mentioned region is at least an order of magnitude higher, in parts several orders of magnitude, resulting in significantly better signal-to-noise ratios since the opening slit of the spectrometer has to be opened just a few µm. Furthermore, due to the strongly directed beam, the laser radiation offers far better properties regarding focusing alignment of the optical path.
Concerning the time stability of the supercontinuum spectrum, two influences have to be considered. Since the broad spectral range is a result of strong nonlinear processes inside the fiber medium, the spectral profile is very sensitive to variations of the power. This effect is compensated by choosing the integration time of the detection system to average over several thousands of pulses, therewith obtaining a stable profile. A second strong impact is given by thermal effects affecting the spectrum on timescales of several minutes. The high powers necessary to trigger the nonlinear effects probably lead to a warming-up of the SMF-PCF splice point and therewith small changes in the supercontinuum. As a result, an absorption spectroscopic measurement for a single parameter, containing also the measurements of the reference spectrum, has to be preformed in a time of about 1 min, which is a compromise between the two described effects. In this case, a detection threshold in the order of 10 −4 in the absorption can be achieved. This is a far better result than we obtained using LEDs or incandescent lamps.
A typical absorption spectrum around the He m 2 3 S 1 → 2 3 P 0 J (J = 0, 1, 2) transitions at 1083 nm is shown in figure 5 (black line). It was recorded with the spectrometer described above and spectrum is already corrected for the instrumental broadening of the optical instruments and the entrance slit of the spectrometer. Also displayed are three Voigt functions, representing the respective transitions from the He m 2 3 S 1 level. The functions have been modeled with the results obtained by TDLAS measurements which have been discussed in detail in a previous publication and are not shown here [25] . Although the spectral resolution of BBAS is limited, compared with the possibilities of tunable diode lasers, these results show that sufficient information can be obtained to retrace the line profile and obtain a perfect agreement with TDLAS measurements.
The detection limit of BBAS using supercontinuum radiation on the given discharge geometry is at least in the order of 10 −3 as shown by figure 6 , that presents two argon transitions at 801.5 and 811.5 nm. The sensitivity depends critically on the extend of the periodic noise pattern visible in this graph. This noise pattern is the consequence of an etalon effect between the glass plates that confine the discharge channel of the micro-plasma jet. These limitations can be suppressed by operating the jet discharge without the glass windows in an airtight chamber filled with the working gas, extending the detection limit further.
After showing the effectiveness of BBAS for the application on micro-plasma, the investigation of transient phenomena requires a well-synchronized connection to the trigger that transfers the plasma into another mode. This is demonstrated in the following section.
Laser-assisted plasma breakdown and phase-resolved absorption
The RF voltage thresholds for plasma ignition and collapse in the micro-plasma do not overlap, but show a certain hysteresis, where the discharge ignites at higher voltages than it collapses when decreasing the electrode voltage. This hysteresis effect is visualized in figure 7 . The hysteresis length depends on a variety of factors, such as the electrode gap width, the gas mixture as well as the electrical characteristics of the matching network, but it can account for up to 25% of the overall voltage.
This hysteresis effect can be utilized to trigger the discharge's ignition externally by superposing high-power laser beams with the electric field between the electrodes or using the laser beam to release free electrons from the electrode surfaces, while the RF voltage is between ignition and collapse value of the discharge. The first way requires extremely high peak powers and a strong focus point at an arbitrary position in the jet volume. However, the substantial energy loss that the high-power beam experiences when passing the glass windows of the jet usually leads to the destruction of the material and the containment of the working gas atmosphere is lost. The second way requires significantly less peak powers, but makes it necessary to have a tight focus on the surface of the electrode that faces the plasma volume. A possible explanation for plasma ignition is the release of free electrons from the surface by the intense laser field, that can afterwards be utilized as seed electrons for plasma breakdown. Another reason could be the release of atomic or molecular species with low ionization thresholds that open a low energy path for seed electron generation. The critical point in the ignition process is the creation of an avalanche and the release of secondary electrons by ions. Once the discharge is ignited, the plasma remains in a stable α-mode as long as the electrode voltage is above the collapse threshold.
In order to reveal the physical mechanism of plasma ignition by strong laser fields, we utilized a variety of lasers that differ in wavelength, pulse length, and peak power. Figure 8 gives on overview about successful (green circles) and unsuccessful (red triangles) breakdown attempts in dependence of the three mentioned parameters. The results suggest that the wavelength (photon energy) is not a critical parameter and shows no visible effect compared with the peak power and the pulse length. However, even much higher peak powers may not be sufficient when the pulse length is very short. This was shown by measurements using pulses with a peak power of about 13 MW, but a pulse length of just 150 fs, obtained from another fiber laser [34] , which failed to ignite the plasma. On the other hand a long interaction time with 70 ns pulses was not successful when the power density was too low to have an effect on the metal surface. The minimum necessary pulse length for plasma ignition that was observed in our experiments was 75 ps, with peak powers in the order of 10 kW. As described before, the critical point for establishing a self-supporting plasma is the formation of an avalanche. Therefore, the interaction time of electric field and the discharge must be long enough to allow surface and metastable driven processes to evolve and therewith maintain a continuous discharge.
One application of this external plasma ignition is the opportunity of highly time-resolved diagnostics of the ignition phase. Furthermore, since the RF phase can be synchronized with the laser frequency, the laser is able to set the ignition point with a precision of less than one nanosecond and at a selectable phase of the RF cycle. For this purpose, it is mandatory to synchronize the laser pulses with the RF generator. The necessary setup is visualized in figure 9 .
The output power of the high-power amplifier is about 1.1 W distributed on 50 kHz pulses with about 300 ps pulse length. Thus, each pulse carries about 22 µJ of energy. A small fraction of the laser pulses is extracted behind the slow AOM and is used as a trigger signal for a delay generator. The delay generator provides a 1 kHz trigger for an arbitrary Figure 10 . Current signal of a photo diode placed behind the discharge. The current shows the laser pulses as well as the RF signal that is phase locked to the laser.
waveform generator that produces a 13.56 MHz sinus burst with a length of 50 µs. This sinus signal is a reference for the RF generator that matches the phase of its 13.56 MHz output to the phase of the waveform generator. As a result, the RF output is synchronous to the laser pulses. The phase delay can easily be adjusted via the delay generator. To make sure that the discharge is ignited by a certain laser pulse, the delay generator provides a second output that is used for turning the discharge on and off. As a result, the RF generator is activated below the threshold about 5 µs before the laser strikes. After the discharge ignites, the RF generator runs for 15 µs before it shuts the system down. The phase relation between laser pulses and RF can be monitored by a photo diode placed behind the discharge. Both laser and RF induce a current in the diode that overlap and show the laser pulse within the 13.56 MHz sinus burst with sub-nanosecond precision.
Once the discharge is ignited, the plasma remains in a stable α-mode as long as the electrode voltage is above the collapse threshold. One application of this external plasma ignition is the opportunity of highly time-resolved diagnostics of the ignition phase. Usually the rise of excited species after the ignition is slightly affected by the not instantaneously rising power level of the RF generator. With the help of the highpower laser beam, it is possible to activate the RF generator below the ignition threshold and activate the discharge once the RF power is stable. Furthermore, since the RF phase can be synchronized with the laser frequency, the laser is able to set the ignition point with a precision of less than 100 ps and at a selectable phase of the RF cycle. Figure 10 shows the current signal of a photo diode placed behind the discharge. The current shows the laser pulses as well as the RF signal that is phase locked to the laser. Utilizing this technique, a sub-nanosecond phase-resolved spectroscopic analysis of the ignition process can be realized.
Summary
BBAS measurements using fiber laser generated supercontinuum spectra provide a way for absorption spectroscopic measurement over a broad spectral range with detection thresholds down to 10 −4 in the absorption signal. To a certain extent, the technique was therefore proven to provide competitive results to TDLAS approaches if observing species that have sufficiently high densities in the discharge and transitions with a sufficiently high oscillator strength. The much superior stability and spectral brightness of the supercontinuum spectrum certainly gives rise to applications that were not accessible by past attempts with other broadband sources such as LEDs or incandescent lamps.
The hysteresis of discharge ignition and collapse together with the possibility of phase-locked laser-assisted breakdown offers a tool for highly time-resolved studies of the plasma breakdown process.
